Single-molecule atomic force microscopy and magnetic tweezers experiments have demonstrated that titin immunoglobulin (Ig) domains are capable of folding against a pulling force, generating mechanical work that exceeds that produced by a myosin motor. We hypothesize that upon muscle activation, formation of actomyosin cross bridges reduces the force on titin, causing entropic recoil of the titin polymer and triggering the folding of the titin Ig domains. In the physiological force range of 4-15 pN under which titin operates in muscle, the folding contraction of a single Ig domain can generate 200% of the work of entropic recoil and occurs at forces that exceed the maximum stalling force of single myosin motors. Thus, titin operates like a mechanical battery, storing elastic energy efficiently by unfolding Ig domains and delivering the charge back by folding when the motors are activated during a contraction. We advance the hypothesis that titin folding and myosin activation act as inextricable partners during muscle contraction.
INTRODUCTION
For most of the past century, the existence of titin, the largest protein in the human body, was unknown (1) . Unsurprisingly, theories of muscle contraction were based on the molecules known at the time, specifically actin and myosin. But on the eve of the discovery of the sliding filament hypothesis, there existed several competing theories that uncannily anticipated the role of a titin-like filament in the mechanism of muscle contraction. In 1952, Milton Polissar, a close collaborator of physical chemist Henry Eyring, used kinetic rate theory to predict the existence of a segmented filament composed of 100 independent contractile units that could shorten in order to do mechanical work under force (2) (3) (4) (5) . His ideas fell to the wayside when the sliding filament theory was developed with ample experimental support (6) (7) (8) (9) . In a fascinating twist of fate, we know today that both theories are correct and that both mechanisms contribute to muscle contraction. There is now conclusive evidence to establish that the muscle sarcomere is composed of three main filaments that work in concert to store elastic energy and perform mechanical work: titin, actin, and myosin (10) . The evidence of titin as the third filament in muscle was initially taken with skepticism (11) , and it took several decades before the presence of titin in the sarcomere was widely accepted (12, 13) . Nearly a century elapsed between the discovery of myosin and development of the sliding filament hypothesis (14) ; we are undoubtedly only in the early stages of understanding the physiological functions of titin.
Titin is the largest protein in the human body, consisting of a single polypeptide chain with the largest known isoform having a molecular weight of 3.7 MDa (15) . Each titin filament spans an entire half sarcomere, which is divided into four distinct regions easily recognized under the microscope (Figure 1a) . The I-band of muscle is variable in length and is composed mainly of the actin filaments, which run parallel to titin. Depending on the degree of sarcomere strain, some portion of the actin filament may run into the A-band. The A-band is demarcated by the ends of the thick filament, which is a bundle of 294 myosin molecules, and is found to be 1.65 μm long in most vertebrate species (16) Magnetic tweezers force spectroscopy shows titin refolding against a pulling force. (a, top) Schematic depicting a skeletal muscle fiber in rigor at a sarcomere length of ∼2.6 μm. At this extension, titin is under a hypothetical force of 4 pN, and all Ig domains are folded (26) . (a, bottom) Zoom into a half sarcomere: Titin is a single polypeptide that spans from the Z-disc (N-terminal) to the M-band (C-terminal) and is arranged as a sequence of folded domains ( filled circles) and unstructured regions ( gray lines). Titin consists of four regions: The N-terminal segment ( green circles) comprises immunoglobulin (Ig)-like domains and anchors titin to the Z-disc; the I-band segment is the elastic component and contains two types of domains, tandem Ig domains (red circles) and intrinsically disordered structures (N2B and PEVK); the A-band region (white circles) comprises Ig and fibronectin type-III domains responsible for titin binding tightly to the thick filament; and the C-terminal segment (blue circles) contains 10 Ig domains and anchors titin to the proteins of the M-band. Titin has traditionally been thought to control only the passive elasticity of muscles, whereas all mechanical work is performed by the actomyosin cross bridges. Note that the thick filament is truncated to magnify the I-band segment. (b) Typical recording of a magnetic tweezers experiment. First, a high-force pulse (105 pN) results in the unfolding of eight Ig domains measured as upward steps (black arrowheads) of 25 nm. Upon reducing the force (5 pN), the molecule first experiences an instantaneous elastic contraction ( ), followed by a folding contraction ( ), where the individual domains refold as discrete downward steps (red arrowheads) that shorten the polypeptide. The unfolding pulse is performed at an unphysiologically high pulling force so that the eight Ig domains unfold in a few seconds. The gray dashed trace shows a projected unfolding trajectory at a physiological force of 10 pN, requiring ∼6 h for complete unfolding. When the force is reduced to 5 pN, the magnitude of the elastic recoil is much less, but the folding contraction remains the same. (Inset) Schematic depicting a single-molecule magnetic tweezers experiment. The titin polyprotein is anchored to the glass surface by HaloTag covalent chemistry and to a superparamagnetic bead using a biotin-streptavidin linkage. The force (F) is controlled by positioning a pair of permanent magnets over the fluid chamber containing the magnetic bead.
surrounding each myosin bundle (17) . The thick filaments are held together by proteins in the M-line, whereas the actin filaments are anchored to alpha-actinin in the Z-disc.
Titin is found in each of these four regions of muscle. The N-terminus of titin contains nine immunoglobulin (Ig) domains (Figure 1a , green) that bind to proteins in the Z-disc. Titin of the I-band region (Figure 1a , red) contains alternatively spliced exons that encode up to 100 Ig domains as well as intrinsically disordered regions, namely the N2B sequence and PEVK sequence, the latter of which is rich in proline, glutamate, valine, and lysine residues. It is important to note that the number of Ig domains and unstructured amino acids found in the I-band depends on alternative splicing and is thought to be different for each muscle group. Although the longest skeletal isoforms may have 100 Ig domains, the predominant N2B titin isoform of cardiac tissue has only 47 Ig domains and 735 unstructured amino acid residues. The size of the titin isoform is important for understanding the forces experienced by titin at any given sarcomere length (18) . The A-band region of titin (Figure 1a, gray) , contains both Ig and fibronectin domains that are tightly bound to the thick filament. Finally, the M-band section of titin (Figure 1a , blue) contains the titin (pseudo)kinase (19, 20) and 10 Ig domains and is responsible for binding to the adjacent titin and other structural proteins. This review is concerned mainly with the forcegenerating capabilities of the elastic I-band segment of titin, but there are many excellent resources discussing the titin and muscle ultrastructure (21) (22) (23) (24) (25) .
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In the sliding filament hypothesis of muscle contraction, adenosine 5 -triphosphate (ATP) hydrolysis and inorganic phosphate release result in structural changes of the myosin neck while the myosin head is bound to actin. This motion moves the thick filament relative to actin to generate force (9) . Although it is beyond doubt that the chemical energy of ATP powers the cycling of myosin motors as they slide along the actin filaments during a contraction (27) (28) (29) (30) , the role of titin during shortening is poorly understood and requires the sustained focus of the muscle research community to be clarified. There are several competing theories for how titin might generate force during a muscle contraction (22, (31) (32) (33) , but experiments at the muscle fiber level have failed to elucidate a molecular mechanism. Over the last 20 years, technical advances in force spectroscopy combined with protein engineering have been used to study titin dynamics under force (10, (34) (35) (36) (37) (38) (39) (40) . Force spectroscopy data show that titin stores and delivers elastic energy, mostly by unfolding and refolding its numerous tandem Ig domain modules. It is now our responsibility to advance the knowledge of muscle contraction by incorporating titin folding dynamics into the framework of the sliding filament hypothesis. We make such an attempt here.
STUDIES OF TITIN UNDER FORCE
Traditional bulk biochemistry techniques such as chemical and thermal denaturation are not practical for understanding the function of titin within muscle. Titin operates in vivo under a mechanical load up to ∼15 pN, with the load applied along a vector between titin's attachments to the Z-disc and the tip of the thick filament. Single-molecule force spectroscopy techniques, such as atomic force microscopy (AFM), magnetic tweezers, and optical tweezers, probe the nanoscale mechanics of titin along the same reaction coordinate that is experienced in vivo, providing more physiological insight than bulk techniques. With the emerging view that force modulates a variety of cellular processes by triggering conformational changes at a protein level, these techniques are quickly becoming an indispensable tool for understanding cell mechanics.
The basic execution of a protein force spectroscopy experiment requires tethering of a single polypeptide chain between an immobile surface and microscopic probe that can be positioned to apply tension. For AFM studies, the force probe is a silicon nitride microcantilever that can be attached to the end of a protein with either covalent or noncovalent interactions (41, 42) . In magnetic tweezers, the protein is tethered to a paramagnetic bead subjected to a magnetic field (10, 41, 43, 44) . Optical tweezers utilize a laser trap to apply force to a polypeptide attached to a dielectric particle (45, 46) . In all cases, the position of the force probe is measured with nanometer, or even Å ngstrom precision, using high-speed laser detection or videomicroscopy. Gradual changes in polypeptide length due to stretching or abrupt changes in length due to domain unfolding and refolding can be measured with high spatiotemporal resolution (47) (48) (49) (50) .
Early single-molecule force spectroscopy experiments investigated DNA (51, 52) and polysaccharide mechanics (53, 54) , receptor-ligand unbinding (55) , motor protein dynamics (27, 45) , and enzyme conformational changes (56) . However, the very first recording of reversible protein unfolding at nanometer resolution was carried out with micrometer-long titin as a substrate (38) . Using AFM, native titin purified from bovine tissue was stretched at high force and allowed to refold by approaching the cantilever tip back to the pulling surface. Titin was a natural choice for these experiments, given that it contains many Ig domains, nearly identical in size, that produce the "sawtooth" pattern characteristic in constant velocity single-molecule pulling experiments. Similar results using optical tweezers to stretch native titin filaments at high force demonstrated yielding of the protein in a stepwise or gradual manner, indicative of single-domain unfolding events (36, 40) . Recombinant protein engineering and molecular cloning techniques allowed smaller, more manageable portions of the elastic titin I-band to be studied in great detail (34, 57) . This revealed a mechanical hierarchy within the Ig domains, with proximal Ig domains (nearer to the N-terminal) having lower mechanical stability than the distal Ig domains of the I-band. Further engineering of a covalent HaloTag anchor to either the N-or C-terminus of the protein has permitted specific immobilization of recombinant titin proteins for study at high force and long durations (42, 50, 58) .
Over the past two decades, force spectroscopy has benefitted greatly from improvements in instrumentation and technology. Reminiscent of the voltage clamp that underpinned the first successful studies of single-ion channel gating, development of the force clamp for AFM greatly advanced our understanding of the energetics of protein folding (35, 39, 59) . Force-clamp spectroscopy unambiguously follows single-polyprotein unfolding and refolding trajectories under a defined pulling force by tracking the protein end-to-end length with Å ngstrom resolution. This allows for the study of the kinetics and the force dependency of protein folding and other biochemical reactions (60, 61) . More recently, development of protein magnetic tweezers that operate under passive, infinite bandwidth force clamp has permitted direct observation of equilibrium folding-unfolding transitions in titin Ig domains at forces below 15 pN (10, 44) . These types of experiments offer a natural scenario in which to explore titin under conditions close to the ones under which it operates in vivo. An example of such an experiment is depicted in Figure 1b , which summarizes much of what we know today about titin mechanics. In this experiment, a single polyprotein of eight tandem titin Ig 91 (I91) domains is held under a constant stretching force in a magnetic tweezers apparatus. It is important to note that this I91 domain is the same as the I27 domain referred to in older articles (37, 62) due to a change in the nomenclature. The protein is initially subjected to an unphysiologically high force of 105 pN to quickly unfold all Ig domains. This results first in an elastic extension, followed by the unfolding and extension of the eight Ig domains in only 20 s. By contrast, unfolding of I91 at a physiological force of 10 pN takes 6 h (Figure 1b, gray dashed line) . When the force on the polypeptide is reduced to 5 pN, titin undergoes instantaneous elastic recoil, followed by a stepwise folding reaction.
Because titin was the first protein to be unfolded via force spectroscopy, it subsequently became a model for understanding the physics of protein folding. The mechanical stability of globular folds such as titin Ig domain depend on electrostatic interactions, hydrogen bonding, and hydrophobic interactions that are governed by the sequence and topology of the protein. Figure 2a illustrates a detailed picture of a titin Ig domain reversibly unfolding under a mechanical force of ∼6 pN. The majority of the force is sustained by hydrogen bonds between the first (A-A ) and last (G) beta strands (63) , which eventually yield and result in complete unfolding of the domain. This is thought to be the unfolding mechanism for most Ig domains, which show high structural similarity to I91. Once unfolded, the polypeptide becomes a random coil whose mean end-to-end distance is determined by the pulling force and scales with well-known polymer physics laws (64) . For example, at ∼6 pN, the folded I91 domain has an end-to-end length of approximately 4 nm [inferred from atomic coordinates; see Protein Data Bank: 1WAA (65)], whereas the extended polymer has a length of ∼17 nm. Thus, the steps observed during the folding and unfolding transitions will have a size of 13 nm under a constant force of ∼6 pN. Figure 1b also shows this scaling at forces of 5, 10, and 105 pN. Scanning for folding and unfolding transitions across a broad range of forces allows the data to be fit to a freely jointed chain model (64) with a contour length of 25 nm and a Kuhn length of 0.9 nm (Figure 2b, solid line) . In contrast to the linear elasticity of a rubber band, the entropic elasticity of a polymer is highly nonlinear, reaching 50% of its maximum extension Step size (nm) 10 100 Force (pN) 
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Figure 2
Mechanical work generated by immunoglobulin (Ig) domain folding is quantifiable using force-clamp magnetic tweezers. (a) Ig domain unfolding/refolding under a mechanical tension. Under a pulling force (F) of ∼6 pN, Ig domains unfold and refold in equilibrium, extending or shortening by ∼13 nm, following laws of polymer physics. (b) Magnitude of the step size measured during unfolding/refolding events as a function of the force for the I10 and I91 titin Ig domains. The dependence of the step size can be well described by a freely jointed chain model (solid line), with a Kuhn length of L k = 0.9 nm and a contour length L c = 25 nm. (c) Folding probability of the Ig domains, calculated from the equilibrium fraction of folded domains (blue circles) at a given pulling force. Titin Ig domains can unfold at forces as low as 4 pN and fold at forces as high as 10 pN. The data can be well represented by a sigmoid function (solid line) with a midpoint of ∼6 pN. (d ) The expected work (black line) generated by titin Ig domain folding can be obtained as the product of the folding probability (blue line) and the work done by the folding contraction (red line), obtained from numerical integration of the freely jointed chain model used to fit the step sizes. Titin Ig domains generate a peak work of 46 zJ at 5.7 pN, comparable to the energy delivered by the myosin motors.
over the physiological force range. At higher forces, the step size of protein unfolding approaches the contour length asymptotically.
The rate at which each titin Ig domain unfolds is vastly different, so during physiological stretch, only a subset of all the titin Ig domains may be unfolded. Cloning of native segments of eight tandem Ig domains from the I-band uncovered a mechanical hierarchy within titin. Ig domains within the proximal I-band, closer to the Z-disc, unfolded at forces much lower than Ig domains from the distal I-band, closer to the thick filaments (37) . Therefore, although I91 takes several hours to unfold at 10 pN (44, 66) , the proximal Ig domain 10 (I10) unfolds much more rapidly. Magnetic tweezers experiments on I10 show that, at a force of 6 pN, there are approximately 66 unfolding events during a period of 20 min, or ∼15 s between each unfolding event. Therefore, at 10 pN, I10 is expected to unfold in a few seconds, although this needs to be verified experimentally. Further experiments with the native segment I4-I11 at forces between 5.0 and 6.6 pN also show rapid unfolding events and therefore low mechanical stability, supporting the view that the proximal Ig domains unfold readily in the physiological force range (10) .
Although there is a wealth of information about the unfolding pathways of titin domains, the observation of folding pathways has been more elusive and was the driving force behind development of technology such as the force clamp (59) . The force clamp revealed three distinct transitions during the transformation of a protein from a random coil to a native fold (35) , and the results paint a very different picture than what is seen using bulk techniques. First, a protein extended under force experiences elastic recoil in response to a change in force, as seen in Figure 1b . The reduction in force results in a large increase in polymer entropy that must be shed for the protein to fold. Removal of this entropy requires crossing an energetic barrier created by the pulling force known as the entropic barrier (67) . This transition, known as the collapse-to-molten-globule transition, is thought to be driven by sequestration of hydrophobic residues into the core of the protein and results in the downward steps seen in Figure 1b . Further reduction in configurational entropy is achieved through maturation from the molten globule to the native state, likely through formation of hydrogen bonds in the mechanical clamp. This molten globule-to-native transition results in very small changes in the end-to-end length of the protein, so the different states must be detected by the drastically different mechanical stability of the molten globule and native states (68) . The classic "two-state" models assumed in bulk studies of chemical denaturation or phi-value analysis are irreconcilable with the extended, collapsed, molten globule, and native states seen in single-molecule folding experiments. Single-molecule force spectroscopy offers much greater detail about the folding pathways compared to these techniques.
PROTEIN FOLDING PERFORMS MECHANICAL WORK
Before the invention of force-clamp AFM, some very simple measurements of folding under force were possible (34) . In these experiments, a protein construct containing eight tandem titin Ig domains was first unfolded by pulling the AFM cantilever at constant velocity. The tip of the cantilever was subsequently lowered to within a short distance (tens of nanometers) from the pulling surface and held there for a few seconds without touching. This procedure had the effect of leaving a residual force on the protein. Upon pulling the cantilever again, the number of domains that had folded could be counted. Those experiments showed that the refolding rate strongly depended on the degree of relaxation of the unfolded protein (34) , which provided evidence that the refolding rate depended steeply on the residual force. However, in those early experiments, the force under which the protein was folding could not be measured directly. The development of the force-clamp AFM, provided the first direct observation of the full trajectory of a protein folding under a mechanical force (35) . Using protein constructs consisting of tandem ubiquitin domains, Fernandez & Li (35) demonstrated that upon "quenching" the pulling force on an unfolded protein, the protein first recoiled elastically, and then after a lag, it contracted against the pulling force doing mechanical work as it shortened toward its fully folded length. After the force quench, a subsequent high-force pulse revealed the fingerprint of the folded domains, proving that these collapse trajectories were true observations of the folding process. Similar experiments using shorter quench durations revealed the presence of a mechanically weak state that served as precursor for the fully folded proteins, similar to what has been dubbed the molten globule state (68) (69) (70) .
This clarified the physics of folding under force, where in response to a force quench, a protein would first recoil elastically from an extended state to a collapsed state, greatly increasing its
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entropy. From the collapsed state, the protein would contract further as it shortened in a stepwise manner to a low entropy molten globule state. In the molten globule state, protein would "mature" to its mechanically stable native conformation by reforming the network of hydrogen bonds that provides mechanical stability. In this scenario, most of the folding contraction occurs as the protein moves from the collapsed to the molten-globule state, whereas the reformation of the hydrogen bond network does not significantly change the end-to-end length of the protein (68) . Collapse trajectories of I10 and I91 have allowed the folding and unfolding step sizes to be measured with magnetic tweezers at forces below 30 pN (Figure 2b ) and have provided more concrete evidence for the molten globule state (71) . Although only these two domains have been studied in detail, they seem to undergo the folding transition in the same range of forces (4-10 pN) despite their drastically different mechanical stabilities during unfolding. Perhaps this is because each of the Ig domains, containing approximately the same number of residues, must discharge roughly the same amount of entropy during the collapse-to-molten-globule transition. However, as it has been shown that configurational loop entropy (72) and point mutations can affect unfolding pathways (73) , it is likely that the variations in the sequences of the Ig domains will also lead to a hierarchy among the folding rates around the physiological range. This must be verified experimentally, but at this point, the evidence suggests that during muscle contraction, the titin Ig domains fold in a narrow force range.
The folding contractions observed with AFM appeared continuous and only rarely showed steps (35) . By contrast, the same experiments performed using magnetic tweezers, after the initial elastic recoil, show clearly resolved steps during the folding contraction (10, 44, 50) . The reason for the different shapes of the folding trajectories in AFM and magnetic tweezers is that, in all single-molecule force spectroscopy experiments, the dynamics of the polypeptide are tether dependent (74) . The polypeptide can only move as fast as the probe that it is attached to, so the dynamics of the chain along the pulling direction have effectively the same diffusion coefficient as the probe. A triangular cantilever normally used in single-molecule pulling experiments with a length and width of 310 μm and 20 μm, respectively, has a measured diffusion coefficient of ∼1,200 nm 2 /s (74). Brownian dynamics simulation of folding using the diffusion coefficient of the cantilever have been able to reproduce folding trajectories similar to those seen using the forceclamp AFM (67, 75) . By contrast, a freely floating spherical particle with a diameter of 2.8 μm has a diffusion coefficient of ∼175,000 nm 2 /s, although the close proximity of the magnetic bead to the surface will reduce that value somewhat (76, 77) . This contributes to the differences in the collapse trajectories seen in magnetic tweezers. A word of caution is warranted here. Although the beautiful stepwise folding trajectories observed with magnetic tweezers allow for a better-resolved picture of the folding energy landscape (78) and the folding work (10), they may not represent the true diffusional behavior of a folding titin protein in vivo. Given that titin is anchored to large molecular structures at both ends, the Z-and M-lines, and that it operates in a crowded environment that includes chaperones, the folding contraction in vivo may better resemble the diffusionally constrained folding behavior observed with AFM that shows a smoother folding contraction (35, 75) .
We propose that the physiological force range for the load on titin during normal muscle activity is the force range over which the Ig domains exist in equilibrium between the folded and unfolded states. This can be quantified through the folding probability, which measures the fraction of time a titin Ig domain will spend folded at any given force. The folding probability of titin Ig domains I10 and I91 measured with magnetic tweezers force spectroscopy is summarized in Figure 2c (blue circles) and can be fit with a sigmoid function that describes the midpoint and the steepness of the folding reaction (Figure 2c,d , blue curve). It is clear that titin Ig domains are completely folded below forces of 4 pN and do not fold at forces much higher than 10 pN. There is now evidence that extends this force range up to 15 pN. The I-band region of titin is cysteine rich (79, 80) , and many of these residues form disulfide bonds that alter the polymer dynamics of the unfolded state. One consequence is that it allows titin Ig domains to unfold at much higher forces, up to 15 pN, without having much effect on the mechanical stability of the folded state (81) .
Force-clamp spectroscopy additionally allows simple quantification of the amount of contractile work performed by a titin domain that folds against an applied load. At any given force, the amount of contractile work done on the system or by the system is the product of the force and the step size. The work done by folding of I10 and I91 is shown by the red curve in Figure 2d , which is the integral of the freely jointed chain curve with respect to force. Multiplying the curve representing contractile work done with the folding probability gives the expected value of energy recovery by protein folding at any given force (Figure 2d, black curve) . This distribution shows that titin Ig folding generates a maximum expected amount of work of 47 zJ against a load of 5.7 pN. At higher loads, close to 10 pN, the energy recovery is maximized, but the domains fold less frequently. Alternatively, at lighter loads, the energy recovery is minimal because the step size of protein folding is small, and most of the energy is dissipated in the elastic recoil. Thus, we are able to predict the amount of energy storage and release through titin folding if forces on single titin filaments can be determined in vivo.
HOW THE THREE FILAMENTS WORK TOGETHER
Single-molecule experiments have provided a strong foundation not only for understanding the energetics of protein folding but also for understanding the basis of force generation of single myosin motors. This provides a means for fair comparison between contractile properties of titin Ig folding versus the myosin power stroke. Single-molecule force spectroscopy on single or small ensembles of myosin motors have revealed an inherent limit on the amount of useful mechanical work that ATP-driven motors can perform. If a great enough load is applied to the motor, its power output will drop to zero. A cyclist pedaling uphill is keenly aware of this bit of physics. The early muscle pioneer A.V. Hill captured these effects with his famed Hill Equation that describes the hyperbolic relationship between contractile velocity and loading (82) . In vitro assays have shown that the velocity of unloaded muscle can be very high, but applying even a small load to the muscle myosin II motors causes the sliding velocity to drop precipitously. The seminal experiments probing single skeletal myosin mechanics showed that, under approximately isometric conditions, the average force produced per motor is 3.4 pN (27) . Rarely, the myosin was able to generate sustained force transients in the 6-7 pN range. More recently, the same experiment was performed but with small bundles of ∼8 myosin motors in an attempt to determine the singlemolecule force-velocity relationship (Figure 3a, green curve) (83) . The myosin motors again showed net zero displacement of the actin filaments at an applied load of 6 pN, which has since been reaffirmed with higher-resolution optical tweezers (30) . Others have shown that the stalling forces of kinesin, myosin V, and dynein are all in the 6-7 pN range (84) (85) (86) . These studies used force-clamp feedback to reduce transducer compliance and maximize the force generation of the molecular motor. On the basis of these data, it is logical to conclude that, at forces of 6 pN, myosin II motors cannot advance along the actin filament to generate contractile work. By contrast, we showed that titin folding delivers near-peak power at a load of 6 pN, where the myosin II motor is stalled (Figures 2d and 3a) (10) .
A plausible scenario in which this might occur during muscle contraction is when the sarcomere is passively loaded so that each titin filament bears 12 pN of force (26, 87) . How might this load distribute between titin and myosin before and after muscle activation? If one considers the number of double-headed myosin molecules (294) present in the thick filament and the 6 titin . Alternatively, titin Ig domains achieve optimal delivery of 46 zJ of work at forces (F) of ∼5.7 pN ( peak of blue curve). Thus, at loads of 6-12 pN ( gray shaded area), titin folding can generate useful contractile work, whereas the myosin power output is negative. (b) Titin folding allows the myosin motors to advance: (Top) Before the muscle is activated, titin bears the entire passive load of 12 pN, resulting in Ig domain unfolding. (Middle) Upon calcium release, actomyosin cross bridges form, but the motor can only generate a force of 6 pN, so it is stalled. However, the force generated by the motor reduces the load experienced by the titin domain to 6 pN, which results in a refolding step of ∼10 nm. (Bottom) The process of protein folding shortens the titin filament, which relieves strain on the myosin motor and allows completion of the power stroke. From this mechanism, it is clear that titin cannot fold without formation of the cross bridge, but also that completion of the power stroke relies on titin folding. Thus, titin and myosin work together to shorten the sarcomere against high loads.
Muscle myosin is a nonprocessive motor, where the percentage of myosin heads attaching to actin during a contraction has been estimated at 10-20% of the maximum number of available attachment sites (88) . By measuring the compliance of muscle fibers during a contraction, it was calculated that up to 84 (∼28%) myosin heads per thick filament might be engaged, and it was shown that the number of attached heads changes steeply, with both filament overlap and shortening velocity (89) . However, titin elasticity was not considered in those experiments, and given that titin becomes stiffer as its domains fold, a fraction of the observed changes in stiffness may originate from the titin filament rather than myosin, leading to an overestimate in the number of myosin motors engaged in a contracting muscle. At physiological sarcomere extensions of 3.1 μm in rabbit psoas or 3.4 μm in human extensor digitorum, the degree of overlap between the thick and thin filaments would be reduced and further lower the number of bound myosin heads (10, 90) . Hence, only 1-2 myosin heads per titin molecule are calculated to support a contraction from such a stretched length.
Returning to the hypothetical scenario, titin bears the entire 12-pN load prior to muscle contraction, which recruits proximal Ig domains to the unfolded state (Figure 3b, top) . This might occur during the priming of muscle for explosive shortening, for example, during the windup of a baseball pitcher. In the few milliseconds after muscle activation, the maximum number of cross bridges is formed, and the load is distributed through the mechanical network consisting of the three muscle filaments in the sarcomere. The myosin motors will generate a maximum of 6 pN of force, which would not be enough to shorten the sarcomere, but it would reduce the load on all of the titin Ig domains to 6 pN (Figure 3b, middle) . This would first result in the extremely rapid entropic recoil of all the stretched titin molecules, followed by folding of titin at the force that recovers the maximum available work (Figure 3a , peak of blue curve). Unlike previous theories that assume titin recovers energy only via entropic elasticity, the majority of the energy recovered here actually comes from the folding contraction. At a force of 12 pN, the change in contour length achieved by going from the folded state to a random coil is 15.8 nm. Upon reduction of the force to 6 pN, there is 5.9 nm of entropic recoil followed by 9.9 nm of folding contraction (Figure 3b, middle) . Protein folding comprises 63% of the energy recovered from the unfolded polypeptide, whereas the elastic recoil contributes only 37%. The folding contraction is the dominant component of the elasticity and energy storage of titin in the physiological force range. Thus, in this scenario, the folding Ig domains relieve the stalled motors and permit the sarcomere to shorten, rather than lengthen, under the 12-pN load (Figure 3b , bottom). The energy that is stored by stretching titin at 12 pN is returned only when the motors become engaged. This remarkable mechanism readily extends the ability of a sarcomere to deliver mechanical power at loads well beyond the stall force of its myosin II motors.
TITIN FOLDING DICTATES THE OPTIMAL SARCOMERE LENGTH OF A CONTRACTING MUSCLE
The existence of the titin folding contraction may warrant the revisiting of some tenets of muscle physiology. For example, it is generally accepted that the descending limb of the active forcesarcomere length relationship is caused by the decreased overlap of the thick and thin filaments. However, the force on the ascending limb is already submaximal at sarcomere lengths of 1.7-2.6 μm in human skeletal muscles (91) . The thick filament is only ∼1.6 μm long, so it is unlikely that reduced force in this region of the ascending limb is caused by compression of the thick filament against the Z-discs. An alternative explanation would be that isometric force in this region 
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Figure 4
Titin folding occurs at physiological sarcomere lengths. (a) The active force versus sarcomere length relationship of human skeletal muscle (black curve) (91) is superimposed on the titin folding probability versus sarcomere length relationship ( green curve) for a hypothetical muscle with a titin isoform of average length. Here, the folding probability quickly changes from zero to one in the range where active force is maximized, greatly enhancing the muscle contractile force. On the ascending limb of the active force curve, titin remains folded and cannot contribute to force generation at sarcomere lengths less than ∼2.5 μm. On the descending limb, titin provides mainly entropic elastic restoring forces because there is very little folding at sarcomere lengths greater than ∼3.1 μm. Not all muscles operate at the peak of the active force versus sarcomere length relationship, so it is likely that each muscle group has a titin isoform alternatively spliced such that the titin folding probability falls in the working range of that particular muscle group (26) . (b) The segmentation of the titin I-band into many discrete immunoglobulin (Ig) domains endows it with special material properties. A titin (consisting of 90 Ig domains and the N2B plus PEVK unstructured regions) under normal physiological conditions (solid blue curve) experiences folding and unfolding of its Ig domains within the physiological force range of 4-15 pN ( gray shaded area). The folding probability and hence the elastic properties of titin can be altered by blocking the folding reaction altogether (e.g., by S-glutathionylation; dashed blue curve). Introduction of intramolecular disulfide bonds through oxidative stress or enzymes increases the forces at which the folding reaction occurs (solid gold curve). Binding of small molecules or chaperones that increase the mechanical stability of titin would make the Ig domains more inextensible and increase the overall stiffness of titin (dashed red curve). In reality, the elasticity of titin is a mixture of all of these curves and depends on the metabolic state of the muscle.
is decreased because all titin Ig domains remain folded. Thus, there is no additional contractile force generated by hydrophobic collapse of the titin polypeptide. Consider a hypothetical skeletal muscle with a titin isoform of intermediate length and stiffness (Figure 4b , blue curve). This titin isoform would permit the highest performance possible from muscle because the maximum change in the titin folding probability falls squarely within the region of maximal active force generation (Figure 4a, pink shaded area) . Measurement of the maximal isometric force in the gray shaded regions lacks the contribution of titin folding because titin either remains folded or unfolded at those sarcomere lengths (Figure 4a, gray shaded area) . These seemingly simple experiments that support the foundation of muscle physiology are not so straightforward once considered in the context of titin folding.
WHY PROTEIN FOLDING?
The reversible deformation of muscle is a material property that is perhaps unmatched in other tissues. Muscle must undergo continuous cycles of stretch and relax without demonstrating material fatigue or hysteresis. For some muscle groups, the sarcomere may extend by up to 300 nm from the fully contracted to fully extended state, which is approximately a 10% increase in its length (90, 92, 93) . The proteins that contribute to reversible muscle elasticity must fulfill two opposing roles: They must be soft enough so that the muscle can easily deform and does not hinder the contraction of the opposing muscle group, and they must be stiff enough to prevent damage by overstretching muscle and also store significant amounts of elastic energy that can be released during muscle contraction. It turns out that polypeptide filaments can be excellent material for the storage and release of elastic energy, if they are structured correctly.
Many cytoskeletal structures are rigid in the force range over which muscle operates. Microtubules have a persistence length greater than a millimeter, whereas F-actin has a persistence length of tens of microns (94) . Intermediate filaments, such as keratins and vimentins, have a persistence length of hundreds of nanometers up to one micron (95) . Type I collagen, which consists of a triple helix of three individual polypeptide chains, is thought to have a persistence length of tens to hundreds of nanometers (96) . None of these materials are useful as an elastic storage mechanism simply because they are too stiff. Over the range of forces experienced by single protein filaments during normal muscle operation (1-15 pN) , these proteins are already completely extended, like rigid rods, and would resist muscle elongation. Alternatively, unstructured or unfolded polypeptide chains have been characterized with a wide variety of techniques and shown to have a Kuhn length ranging from 0.8 nm to 1.2 nm (which equates to a persistence length of 0.4-0.6 nm). Below 5 pN, a random polypeptide coil will behave approximately as a Hookean spring, but at larger forces, the random coil exhibits nonlinear behavior, with the force rising more steeply as the extension increases. The recent discovery that titin is under forces of 4-15 pN during physiological muscle activity raises the question: Is it possible to fashion a material that is able to store more elastic energy than a simple random polypeptide coil in this force range?
The structure of titin provides an extraordinary answer to this problem by containing both unstructured segments (PEVK, N2B) and many tandem Ig domains. The segmentation of the titin I-band into Ig domains greatly increases the elasticity of muscle in the physiological force range. The polypeptide stores an amount of energy, W = F (l)dl, where F is the force determined by the freely-jointed chain model of polymer elasticity, and L is the observed length. If titin was composed of only unstructured polypeptide, a reduction in the force from 12 pN to 6 pN would cause collapse to 63% of its extended length. For an unstructured segment containing ∼90 amino acids, the length would shrink from 15.7 nm to 9.9 nm, and the resulting elastic energy recovered would be 34.8 zJ. If we now consider the same 90 amino acids in a segment that has the ability to fold, reducing the force from 12 pN to 6 pN would first release 34.8 zJ and then an additional 59.2 zJ upon folding. The total energy recovery is now increased to 94 zJ, with nearly two-thirds coming from the folding contraction. Thus, not only does the Ig folding and unfolding permit titin to dynamically adjust to provide tension across a broad range of sarcomere lengths, it also greatly increases the energy storage and recovery within the muscle. The energy storage and recovery are only possible within a very precise force range in which protein folding and unfolding occur. We propose that muscle is tuned to operate at lengths and forces that straddle the folding probability and therefore take advantage of the full elastic storage potential of the titin filaments. Furthermore, by manipulating the titin folding process through cellular signaling, the muscle can alter its ability to store elastic energy.
THE TITIN FOLDING REACTION CAN BE BIOCHEMICALLY TUNED
Titin is not a purely mechanical or structural protein of muscle. It is also an integrator of chemical and physical stress on the muscle that is a part of signaling pathways that ultimately affect gene expression. The elastic segment of titin has been shown to be a major target of posttranslational modifications. Although phosphorylation of residues within the unstructured regions of titin have
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been shown to cause modest changes in the elasticity of titin (97) (98) (99) , far more drastic changes can be achieved by targeting the Ig domains of the I-band. In a mouse model of myocardial infarction, oxidative stress due to ischemia-reperfusion injury leads to massive S-glutathionylation of sarcomeric proteins, including some very high-molecular-weight proteins alleged to be titin (100) . The Ig domains of the titin I-band contain a disproportionately high number of cysteine residues; however, most of these cysteine side chains are cryptic, meaning that they are buried in the hydrophobic core of the Ig fold and are solvent inaccessible. They cannot undergo Sglutathionylation unless the Ig domains become unfolded.
Using single-molecule force-clamp AFM, Alegre-Cebollada and colleagues (79) demonstrated that the S-glutathionylation of single titin I91 domains unfolded by force. A critical discovery was that S-glutathionylation created unfavorable sterics in the hydrophobic core of the I91 domain that blocked folding. It was then shown that oxidized glutathione was able to massively decrease the passive tension in single cardiomyocytes but only after cardiomyocyte stretch to recruit Ig domains to the unfolded state. Similar to phosphorylation, S-glutathionylation is reversible, either through enzymatic cleavage or regeneration of reduced glutathione within the muscle tissue. However, phosphorylation only results in small changes in the stiffness, or Kuhn length, of the titin molecule, whereas S-glutathionylation or other nonspecific oxidation of the Ig fold can cause massive blockage of the folding reaction. If all titin folding was blocked, the elastic properties would behave like the dashed blue curve in Figure 4b . It is speculated that the resulting loss of passive tension can be sensed by other sarcomeric proteins and transduced into cellular signals. Another major oxidative modification of titin is the introduction of intramolecular disulfide bonds. The disulfide bonds are able to greatly increase the forces at which Ig domains fold without having much effect on the mechanical stability or unfolding rate (81) . The resulting shift in the folding probability will cause the folding reaction to generate higher forces during contraction (Figure 4b , solid gold curve).
In addition to oxidative stress, acidosis is a common perturbation to the homeostasis of muscle and has direct consequences on protein folding (101) . Changing the pH alters the protonation of many side chains, which in turn alters the electrostatic and hydrophobic forces that drive protein folding and provide mechanical stability. Acidosis may block folding or induce misfolding events that would reduce the extent of the folding contraction and lead to changes in muscle elasticity (102) . An emerging perspective is also that muscle-specific chaperones can be recruited to the I-band segment of titin in response to physical stretch (103) and that there are severely altered levels of molecular chaperones in certain muscular diseases (104) . Some of these chaperones, such as αB-crystallin, can bind directly to the folded Ig domains and make them more resistant to unfolding (Figure 4b, dashed red curve) (103, 105) . Single-molecule force spectroscopy has recently begun to uncover the ability of molecular chaperones not only to prevent aggregation but also to accelerate the folding reaction of certain proteins (130) . An increase in the folding kinetics is synonymous with increase power output from the titin folding reaction and would therefore have direct consequences on muscle contraction according to the three-filament model.
A RECHARGEABLE GRAVITATIONAL BATTERY
Our view shifts the focus of muscle contraction from resting solely on motor activity to the remarkable ability of mechanically extended proteins to fold and shorten while resisting a stretching force. Energy conversion from sunlight to ATP through food consumption and the metabolic machinery of animal cells is the source of the chemical energy utilized during muscle contraction. What is the source of the energy delivered by a folding protein? We know that entropic elasticity combined with short-range hydrophobic collapse powers protein folding. Yet, it is clear that for a protein to do folding work, it must have been mechanically unfolded before. The segmentation of the titin polypeptide into many foldable Ig domains thus differentiates it from a simple spring with only elastic recoil. This new mechanism is compelling because in addition to chemical energy, muscle makes use of other fundamental forces of nature: gravitation and inertia to extend and unfold muscle titin during animal motions such as running and entropic and hydrophobic forces to drive the collapse and folding of extended proteins while under reduced loads (35, 106) . Muscle sarcomeres are thus designed to optimally absorb and store mechanical energy from the environment in the form of unfolded titin Ig domains, and they deliver this mechanical energy when triggered to do so by chemically activated myosin II motors (Figure 3b) . It remains clear that, at the high loads at which myosin motors are unable to advance (6 pN), titin readily folds. Thus, titin folding relieves the stalled myosin motors, setting the speed at which they advance and permitting efficient muscle contraction.
This active role of titin in muscle contraction can be understood with the analogy of an electrical battery (see Figure 5a) . The unfolding of Ig domains in the stretching phase charges the "battery" with contractile energy when the force exceeds 10 pN. As the force lowers when the motors engage, Ig domain refolding delivers the stored energy, allowing muscle contraction together with the work done by the myosin motors. Therefore, titin and myosin are the two components of a hybrid system in which the electrical battery is charged during the stretching phase (Figure 5a , black line), and only after the engagement of the myosin heads powered by the ATP chemical energy is this stored contractile energy delivered (Figure 5a, red line) . Nonetheless, the rate at which the contractile energy is stored and delivered is rather different, as reflected in the different slopes in Figure 5a . Titin unfolding at 10 pN occurs at a rate of ∼1.5 × 10 −4 s (66); therefore, titin stores contractile energy with low power, estimated to be ∼0.02 zW [obtained as the work of an Ig domain unfolding at 10 pN (140 zJ) times the rate at which it occurs]. However, refolding occurs at a much higher rate, with domain folding at 6 pN in ∼7 seconds, so the power delivered by titin Ig domains refolding is almost 100 times larger, estimated to be ∼6.5 zW.
The power relationships will be different for the different domains, so the power delivery will be much more complex in vivo. In an oversimplification of how muscle operates in animal motion, a leg muscle such as the soleus travels from its resting state to the stretching position, transmitting a high force purely to titin (Figure 5a, to , upper panel). Later, and after the engagement of molecular motors and ATP hydrolysis, the force transmitted to titin decreases, allowing the delivery of mechanical work from titin and contracting the muscle (Figure 5a , to , lower panel). In terms of the energy changes upon titin domain folding/unfolding, the storage/delivery cycle proposed above can be pictured as a diffusion process along the free-energy landscape of the titin molecule (Figure 5b) . During the storage phase at 12 pN (green line), the energy landscape is tilted toward the unfolded state (large extension) so that titin domains would unfold, sequentially hopping over the free-energy barriers. Upon force reduction to 6 pN (red line), the molecule shortens by refolding, with the domains hopping the barriers in the opposite direction, thus delivering the stored contractile energy.
A limitation of our current observations is the slow folding rates measured at 6 pN for our eight-repeat Ig domain protein probed with magnetic tweezers (Figure 1b) . Indeed, we should be cautious when extrapolating single-molecule observations to intact tissue, as we still do not fully understand how these observations play out in the complex environment of the sarcomere. However, a few simple observations are warranted. In addition to unfolded domains, native titin contains large unstructured segments such as PEVK and N2B that permit titin to equilibrate to any force in the sarcomere at the speed limit of polymer diffusion, which is much faster than even the fastest muscle contractions (74) . Indeed, passive sarcomere shortening from a stretched length is very rapid initially (107, 108) , and from recent in vivo muscle microscopy, it also appears that the sarcomere operates at lengths at which titin is under a constitutive force of several piconewtons, further suggesting that titin does not go slack (90, 92, 93) . More significantly, in contrast to the short engineered proteins with eight Ig repeats often used in single-molecule experiments, the extensible segment of native titin contains 50-100 Ig domains depending on the isoform, which greatly accelerates the initial folding rate upon a reduction in force. Over the relatively short changes in sarcomere length observed in vivo, for example, ∼50 nm per half sarcomere in the cardiac tissue, the initial rate of folding would provide a better measurement of the physiologically relevant power output of titin folding. A glimpse of these effects can be observed during in situ measurements of titin dynamics that show titin folding events happening on a timescale of less than 100 ms (10). Finally, sarcomeres are crowded environments containing titin-specific chaperones that will further increase the folding rate over what we have measured (102, 103) . All of these effects, absent in the experiments shown in Figure 1b , would greatly enhance the power output of titin folding inside the sarcomere.
SYNCHRONIZATION OF TITIN FOLDING WITH ACTOMYOSIN CONTRACTION
Our hypothesis for titin-enhanced muscle contraction states that titin and myosin work cooperatively because titin folding depends on a reduction in force caused by engagement of the cross bridges. This mechanism predicts that the six titin molecules attached to a thick filament might fold at the same time. Single-molecule force spectroscopy studies have demonstrated the simple scaling laws of parallel polyproteins. When protein domains are unfolded in parallel, they rupture simultaneously, with twice the force and half the persistence length (109, 110) . Therefore, we predict that six titin Ig domains will also fold simultaneously due to their parallel arrangement around the thick filament. When the first of the six parallel Ig domains folds stochastically, the force on the other five is instantaneously reduced. The rate of unfolding or folding depends exponentially on the force, so even a small reduction in the force would accelerate the folding of other parallel domains. Hence, the power output from titin Ig folding is highly cooperative. Furthermore, it is misleading to say that actomyosin contraction is synchronous when titin folding is not (111) . It is generally accepted that myosin-driven muscle shortening occurs by "cyclic asynchronous ATP-driven actin-myosin contractions" (112, p. 3675). The formation of a cross bridge relies on the diffusional encounter of the myosin head and actin filament, which is by definition a stochastic process. Additionally, because the energy released by hydrolysis of ATP is only an order of magnitude larger than one kT, it is thought that subsequent structural transitions of myosin rely, at least in part, on Brownian motion (113) . In this view, the cycling of myosin motors and the folding of titin Ig domains are both stochastic, but in our model, they occur simultaneously upon chemical activation of muscle. Muscle contraction model as a hybrid mechanism. (a) Role of titin folding/unfolding in muscle contraction. (Upper panel ) Titin domains work as a "battery," storing contractile energy by unfolding and delivering it when shortening upon folding. When a muscle stretches, the mechanical tension increases, and titin domains unfold (storage phase, to ). When muscles contract, myosin heads engage, decreasing the force on titin to 6 pN, allowing immunoglobulin (Ig) domains to refold and shorten, which deliver folding contractile energy and assist muscle contraction ( ). (Lower panel ) Simplified model for muscle stretching-contracting during animal motion, indicating each of the three phases upon titin unfolding and refolding. (b) Free-energy landscape interpretation of titin-assisted muscle contraction. During the stretching phase, the landscape is tilted by the increased force (F) (12 pN, green) toward the unfolded state (longer length), and titin stores contractile energy by unfolding its domains. When the myosin motors engage, they reduce the mechanical load on titin to 6 pN, so the landscape favors the folded state, and domains can fold by surmounting the free-energy barriers (red ) and shorten the total length of the molecule, delivering contractile work. (c) Testing this hypothesis requires incorporation of a genetically encoded force sensor into the titin sequence. One such design is provided here, utilizing SNAP-tag and HaloTag covalent labeling technology introduced in between Ig domains I86 and I87. Using a hypothetical green donor fluorophore and red acceptor fluorophore, the fluorescence resonance energy transfer (FRET) ratio of the muscle changes from a maximum to a minimum throughout the stride depicted in panel a. This provides a direct readout on the force per titin molecule in vivo.
TESTABLE PREDICTIONS AND THE TECHNIQUES TO EXAMINE THEM
Muscles are complex systems, comprising several interacting proteins arranged in hierarchical structures. Determining the particular role of each of these proteins from a molecular level is a difficult enterprise. However, it now seems clear that the tandem modular arrangement of the titin molecule is not merely devoted to a role in muscle passive tension, but indeed, these domains can unfold and refold in the force range under which they operate. This entails an active function of titin on the generation of contractile work in muscle shortening. However, there remains much experimental work to provide a detailed vision on the precise role of titin in muscle contraction and how the power output of domain folding interplays with that delivered by the myosin motors. The hypothesis discussed throughout this review makes a key testable prediction: Activation of muscle leads to the engagement of the myosin motors, which lowers the load on titin to a range that triggers folding of Ig domains previously recruited to the unfolded state (10) . We must ask ourselves, how can this energetic contribution of titin be isolated during an active contraction, and are the current biophysical tools sufficient?
Force spectroscopists wish to have tools that provide them with the precision of single-molecule techniques at a whole-tissue level. To some extent, this is being realized with genetically encoded force sensors that have been expressed within force-bearing cytoskeletal components of cultured cells (114) . These force sensors utilize two fluorescent proteins that are able to exchange energy through nonradiative transfer [fluorescence resonance energy transfer (FRET)], separated with a short unstructured or structured peptide. These genetically encoded force sensors have been incorporated into spectrin proteins (115), vinculin and talin (116, 117) , and nuclear nesprins (118) , all of which are subject to tension from intracellular stress fibers. As the tension on the protein containing the force sensor increases, the FRET donor and acceptor separate, and the FRET ratio decreases. These force sensors are calibrated by measuring the FRET ratio under applied tension using single-molecule force spectroscopy over ranges from 0 pN to 10 pN (119).
The titin I-band would be an ideal place to engineer such a force sensor, as depicted in Figure 5c . Unlike in cell culture experiments, where cytoskeletal tension develops after cell adhesion in an uncontrolled manner, the tension on titin can be exquisitely tuned with a muscle fiber pulling apparatus (9, 108, 120) . The uniform arrangement of the titin filaments within the sarcomere ensure that the fluorophores would be highly aligned, providing an excellent signal-to-noise ratio of the fluorescence readout in an intact muscle. Most importantly, we predict that the force on titin can be modulated by increasing the calcium concentration of the bath, resulting in crossbridge formation that short circuits the force away from titin. According to our three-filament hypothesis of muscle contraction, formation of the cross bridges in a muscle under physiological stretch will lower the force on each titin to the range below 10 pN, where titin folding delivers peak power. The genetically encoded force sensors would not only allow the determination of the force per titin but also the sarcomere lengths at which the titin folding contraction is triggered. Each muscle group contains a titin isoform of a different length-as shown, for example, for a set of 40 different rabbit muscles (26) . We predict that this length is programmed so that the titin folding contraction occurs within the optimal working sarcomere lengths of that particular muscle group. Such a tool would be invaluable for both in vitro and in vivo studies of muscle performance and would help move the field toward a better understanding of the physiological forces experienced by titin and the number of cross bridges needed to reduce the load on titin. These two factors, combined with the folding velocity of titin, are crucial for determining the relative power output of titin and myosin during muscle contraction.
The first steps toward the development of such an in vivo tool have already been achieved. A mouse model containing a knock-in of the HaloTag enzyme in the distal portion of the I-band has served as a multipurpose tool for the biophysical characterization of titin (121) . Use of the HaloTag enzyme was pioneered by our lab as a means to covalently anchor proteins to glass coverslips for single-molecule pulling experiments (42, 50) and has seen widespread adoption for fluorescent imaging (122, 123) . HaloTag recognizes and covalently binds to a chloroalkane substrate that can be attached to a variety of organic fluorophores with excellent imaging properties. Unlike antibodies, the chloroalkane ligands are very small and can easily permeate the sarcomere to achieve high-density labeling. By placing an orthogonal labeling site such as SNAP-tag, CLIP-tag, or TMP-tag (122) next to the HaloTag, a genetically encoded sensor similar to those described above can be achieved (Figure 5c) . Its advantage over the previously described genetically encoded force sensors would be the ability to use organic dyes with properties superior to those of fluorescent proteins. The set of fluorophores used may also be adapted to the experiment at hand, be it single muscle fiber stretching experiments or in vivo imaging. In addition to the HaloTag, the current mouse model also contains a tobacco etch virus protease site. Unlike previous attempts to cleave the titin molecule (107, 124, 125) , this model would permit highly specific cutting of either half of the titin molecules (in a mouse heterozygous for the knock-in) or all of the titin molecules (in a homozygote) to better understand the role of titin in muscle elasticity and force generation.
Delving deeper into the complexity of muscle contraction will require reevaluation of the classic muscle contraction experiments, while keeping in mind that titin plays a prominent role in both the passive and active mechanics of muscle. Given the downward trend in the compliance of the myosin neck (89, (126) (127) (128) , the main source of energy storage in a contracting sarcomere must be reconsidered. Perhaps a genetically encoded force sensor would demonstrate that titin is the main source of energy storage in a reimagined version of the classic quick-release experiments of Huxley & Simmons (9) . Although the single-molecule experiments on reconstituted actomyosin complexes are ever improving (27, 29, 30) and yielding further insight into the mechanism of force generation by myosin, there has yet to be any direct observation of the rate or stroke size of a single myosin motor within an intact animal sarcomere. In this respect, the myosin motor field is a step behind that of titin. Furthermore, treating a muscle like a thermodynamic engine, as did Fenn, Wilkie, and others, who measured muscle enthalpy using a thermopile and calorimeter, and assigning the resulting heat generation solely to the myosin motors, greatly oversimplify the problem (28, 129) . A simple viscoelastic polymer undergoes a large increase in entropy upon a reduction in the force and hence absorbs heat from its environment. A folding Ig domain is not a simple viscoelastic polymer. When the myosin motors are engaged, and the force on titin is reduced, there will first be an increase in entropy, and titin will absorb heat. However, the collapseto-molten-globule transition, which is the dominant part of the folding contraction, results in the formation of a highly compact and highly ordered protein fold with low entropy. Thus, protein folding can result in a net loss of entropy that results in heat loss to the surrounding bath. The results of Fenn and others must be reconsidered now that we know that the thermodynamics of titin protein folding are not as simple as those of a viscoelastic polymer.
CONCLUSION
In conclusion, our view shifts the focus of muscle contraction from resting solely on motor activity to the ability of mechanically extended proteins to fold against a stretching force. The unique material properties of titin conferred by its foldable Ig domains differentiates it from Hookean springs, or unstructured polymers, which would only undergo elastic recoil and therefore be a passive elastomer. Single-molecule data clearly indicate that above 6 pN, myosin motors stall and Spinal Circuits for Touch, Pain, and Itch
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